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Ecology has been shown to be among the main
drivers of brain size evolution. One important
ecological aspect is environmental seasonality.
Seasonality is related to brain size evolution in
two different ways: On one hand, seasonality acts
as energetic constraint on brain size because it
forces animals to deal with periodic food short-
ages (expensive brain hypothesis). On the other
hand, seasonality may act as a selective pressure
to increase brain size, as cognitive and behavioural
ﬂexibility helps to overcome periods of food
scarcity (cognitive buffer hypothesis). Current evi-
dence suggests that energetic constraints imposed
by environmental seasonality play a crucial role in
mammalian brain size evolution, cognitive buffer-
ing; on the contrary, seems to be less ubiquitous
and is mainly found in large-brained species such
as haplorrhine primates and birds.
Introduction
Environmental seasonality is the phenomenon of recurrent fluc-
tuations in climatic conditions and primary productivity. Thus,
nature and distribution of weather, cover and potential food
items vary over the year. Food is a key limiting resource for
almost every animal, at least during certain seasons. Food scarcity
imposes severe energetic constraints, which initially lead to a
reduction in body fat, but if prolonged, can also severely impact
fecundity (Kauffman et al., 2010), growth (Boutin and Larsen,
1993) and lastly also survival (Boutin and Larsen, 1993). There-
fore, it is essential for an individual to match energy intake and
energy expenditure to maintain a positive energy balance in the
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long run. If environmental seasonality causes food availability
to drop below minimal energetic needs, the subject falls into a
period of negative energy balance that needs to be dealt with
(Figure 1a). One possible way to achieve this is to decrease the
minimal energetic need to the lowest point in the lean period (e.g.
by reducing the size and thus the energy consumption of costly
organs such as the brain, Figure 1b). The second way is to buffer
the environmental seasonality by keeping the net energy intake
more constant throughout the year than expected based on food
abundance in the environment (cognitive buffering, Figure 1c).
Environmental seasonality can thus be seen as both energetic con-
straint and cognitive challenge, and thus as representing an ideal
phenomenon to study the evolutionary processes shaping mam-
malian brain size evolution. See also: Ecology of Storage and
Allocation of Resources: Animals
Seasonality Is Cognitively
Challenging – Coping
with Seasonal Food Scarcity
by Cognitive Buffering
Mammals exhibit massive variation in brain size, with primates,
and particularly humans, showing the largest brain size relative
to body size across the animal kingdom (Striedter, 2005). This
pattern also holds at the level of neuron counts as a proxy for brain
capacity (Herculano-Houzel, 2017). Brain size is closely linked
to the evolution of cognition as there is substantial evidence that
brain size can be used as proxy for intelligence (Deaner et al.,
2007). Improved cognitive abilities underpinned by large brains
are presumed to have been favoured by natural selection because
they provide a wide range of benefits in both the social (Byrne and
Whiten, 1988) and ecological domains (Heldstab et al., 2016a;
Heldstab et al., 2016b; Powell et al., 2017). See also: Brain Evo-
lution and Comparative Neuroanatomy
Among other benefits in the ecological domain, large-brained
and thus more intelligent species profit from dealing with envi-
ronmental seasonality in a clever way. Seasonal habitats are likely
to be more cognitively demanding than nonseasonal habitats
because preferred food sources are more dispersed in space and
time. The cognitive buffer hypothesis (Allman et al., 1993; Sol,
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Figure 1 The consequences of living in a seasonal habitat on energy intake. If the environmental seasonality and hence food resources drop below the
minimal energetic need (blue area (a)), subjects can either decrease minimal energetic need (b) or buffer seasonally lean periods by keeping energy intake
throughout the year more constant (c). Adapted from van Woerden et al. (2010).
2009) therefore predicts that life inmore seasonal habitats favours
the evolution of relatively larger brains, because individuals use
their enhanced cognitive abilities in the form of behavioural flex-
ibility to buffer these environmental perturbations. Accordingly,
large-brained species are able to stabilise the net energy intake
throughout the year. They exhibit less seasonal variation in energy
intake than the seasonality of their habitat would suggest, and
thus ultimately increase survival and longevity (Allman et al.,
1993; Sol, 2009). To date, the most convincing evidence for cog-
nitive buffering in mammals stems from research in nonhuman
primates.
Cognitive buffering by ﬂexible switching
to alternative food resources
Looking at a large number of studies on primates, Reader and
Laland (2002) found that innovations in behaviour are frequently
found in species that face ecological challenges, including peri-
ods of food shortage.More specifically, the frequency of technical
innovations involving novel foraging techniques, such as inno-
vative predation techniques, commensal foraging, tool use and
extractive foraging, was positively correlated with absolute and
relative brain size (Navarrete et al., 2016). These results suggest
that large brains allow animals to buffer seasonally lean periods
by innovative ways of acquiring alternative foods.
Hemingway and Bynum (2005) analysed qualitative data on
primate responses to seasonally lean periods from 234 stud-
ies covering 119 species, and found that over 70% of primate
species respond to food scarcity by changing their diets. Mostly,
they switch to alternative, less-preferred resources termed ‘fall-
back foods’ that are abundant but have low profitability, that
is lower energy return per unit foraging time. But some rela-
tively large-brained and thus cognitively more flexible primates
are also able to switch to food items that are highly profitable
but difficult to acquire, and thus counterbalance the seasonal-
ity of their environment by cognitive buffering. Similarly, larger
brained primates show higher levels of manipulation complexity
in a food context, suggesting that large brains are a prerequi-
site for sophisticated foraging techniques which allow continuous
access to high-quality food resources and thus a stable energy
intake throughout the year (Heldstab et al., 2016a).
Further support for the cognitive buffer hypothesis comes from
the studies of van Woerden et al. (2010, 2014) who defined cog-
nitive buffering as the difference between the seasonality of the
environment and the observed seasonality in diet composition,
that is the difference between the potentially and the actually
experienced seasonality. Using this definition, they found posi-
tive relationships between relative brain size and the amount of
cognitive buffering in both platyrrhine and catarrhine primates,
but to a much lesser degree in lemurs. An analogous study in car-
nivores and rodents found only weak support for cognitive buffer-
ing, suggesting that the strategy of cognitive buffering might be
restricted to haplorrhine primates (Graber, 2017). See also: Pri-
mates (Lemurs, Lorises, Tarsiers, Monkeys and Apes)
In sum, the most convincing evidence for cognitive buffering
derives from primate studies providing correlative support that
larger brained species are superior in balancing food fluctuations
most likely through complex manipulative abilities such as tool
use or extractive foraging compared to smaller brained species. In
other mammalian orders, cognitive buffering is probably much
less frequent. This might potentially be the case because large
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brains are eventually only favoured by natural selection if cog-
nitive benefits outweigh the energetic costs, and that for many
nonprimate mammalian species, the extremely high metabolic
and developmental costs of increased brain size eradicate its ben-
efits (Isler and van Schaik, 2014). However, future work is needed
to test this hypothesis.
Equivocal support for cognitive buffering
by food caching or locating ephemeral
food resources
Food caching clearly helps to survive periods of food scarcity. It
might also be a form of cognitive buffering, as caching requires
specialised cognitive functions (Jacobs and Liman, 1991) and
also allows mammals to hold food intake constant (Smith and
Reichman, 1984, for a review). However, there is hardly anything
known about the relationship between food caching and cogni-
tive buffering in mammals. The only study investigating the link
between mammalian brain size and food caching is a study in
two species of kangaroo rats (Jacobs and Spencer, 1994). Mer-
riam’s kangaroo rats (Dipodomys merriami) which use multiple
storages sites for food caching have a larger hippocampus than
the bannertail kangaroo rats (Dipodomys spectabilis) which store
food in their burrows.
Another suggested strategy of cognitive buffering is that
species with relatively large brains might be buffered against
periods of scarcity because of their ability to locate ephemeral
food sources (Milton, 1988). This idea proposed that frugivorous
primates need superior spatial and temporal learning abilities for
tracking the locations and ripeness of fruits that are scattered
more widely through the forest than leaves (Milton, 1988). Sup-
port for this suggestion is found in primates, where folivorous
species have smaller brains compared to frugivorous species
(DeCasien et al., 2017). Moreover, detailed observations of
highly encephalised chimpanzees show that they have superb
memories for the location of ephemeral food patches and may
even remember the seasons in which they fruited (Janmaat
et al., 2014). However, this observed pattern in primates is less
clear in other mammalian orders (e.g. Gittleman, 1986 for Car-
nivora). Furthermore, alternative hypothesis may also explain the
observed correlation between primate brain size and frugivory.
For instance, frugivorous primates do have a permanent higher
net energy intake (indexed by a higher basal metabolic rate,
BMR) which allows to nourish a relatively larger brain compared
to folivorous primates (Isler and van Schaik, 2006b).
Seasonality Acts as Energetic
Constraint on Brain Size
Brain size and enhanced cognitive abilities help to avoid starva-
tion during lean seasons if the abovementioned cognitive buffer
effects prevail. However, the benefits of enhanced cognitive
abilities are counterbalanced by energetic demands of larger and
hencemetabolicallymore expensive brains. Brain tissue is among
the most metabolically costly tissues in the body to maintain
and grow (Mink et al., 1981; Lukas and Campbell, 2000). For
instance, humans shunt about 20–25% of all metabolic energy
at resting state to a brain that constitutes only 2% of their body
mass (Mink et al., 1981). This energetic need of the brain cannot
be temporarily reduced (Mink et al., 1981). Consequently, a seri-
ous energy deficit, as in the case of starvation, leads to permanent
brain damage (Lukas and Campbell, 2000). See also: Starvation:
Metabolic Changes
Thus, the expensive brain hypothesis postulates that brain size
is expected to be constrained if in a seasonal habitat the energy
supply is periodically too low (Isler and van Schaik, 2009). Even
within a species, periodic food scarcity is related to brain size
reduction (Köhler and Moyà-Solà, 2004; Taylor and van Schaik,
2007; Weston and Lister, 2009). Across primate species, season-
ality in food (and hence energy) intake is negatively correlated
with brain size (van Woerden et al., 2010, 2014). A compara-
tive study across non-meat-eating carnivores and rodents found
the same negative relationship between environmental seasonal-
ity and brain size (Graber, 2017). Likewise, a study in marsupials
found that the largest brained species live in low-seasonality habi-
tats and thus profit from greater nutrition safety for brain mainte-
nance (Weisbecker et al., 2015). Lastly, a large study across 1104
mammalian species found that hibernators, which have no ormin-
imal food intake for up to several months, have smaller relative
brain sizes than nonhibernating species (Heldstab et al., 2018).
All these studies corroborate the idea that environmental season-
ality (where in extremis survival is only possible with hibernation)
imposes an energetic challenge, and thus acts as an evolutionary
constraint on relative brain size.
Environmental Seasonality
and Brain Size Evolution in Birds
and Amphibians
Large-scale phylogenetically controlled studies are key to detect
general patterns across species and to ultimately identify selective
pressures that have shaped brain size evolution. To understand the
influence of environmental seasonality on brain size evolution,
the patterns found in mammals therefore need to be compared
with those in other lineages. Outside of mammals, support for
the influence of seasonality and the concomitant variation in food
availability on brain size mainly stems from research in birds and
amphibians. See also: Phylogenetic Methods in Ecology
Amphibians: energetic constraints but
no cognitive buffering
All ectothermic species such as amphibians or reptiles do have
smaller brain size relative to body mass compared to endothermic
species such as mammals and birds (Gillooly and McCoy, 2014),
possibly due to the energetic challenge imposed by environmen-
tal seasonality. Ectothermic organisms rely on environmental heat
sources. If the environmental temperature and hence also the body
temperature of ectothermic organisms decrease to a certain point,
they hibernate and/or estivate. Hibernating species drastically
reduce food intake for several months. Consistent with the expen-
sive brain hypothesis (Isler and van Schaik, 2009) they therefore
eLS © 2019, John Wiley & Sons, Ltd. www.els.net 3
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may not be able to hold the energy supply for a large brain con-
stant. Indeed, a study in Andrew’s toads (Bufo andrewsi) showed
that the longer frog populations hibernated, the smaller were their
absolute and relative brain sizes (Jiang et al., 2015). Similarly,
the presence of hibernation and hence heterothermy is also cor-
related with decreased relative brain size across mammals (Held-
stab et al., 2018). See also: Thermoregulation in Vertebrates
Further support that environmental seasonality constrains brain
size in amphibians derives from a study across 30 frog species.
Luo et al. (2017) found that species with larger fluctuations
in food availability had smaller brain sizes than frog species
with a constant food supply. However, inconsistent with the
expensive brain hypothesis, two single-species studies in frogs
found that individuals living in habitats with medium seasonality
had the largest brain sizes, as opposed to species living in highly
seasonal or nonseasonal habitats (Gu et al., 2017; Mai et al.,
2017). Often, the results of studies of individuals within a species
differ considerably from findings of comparative studies across
a large number of species. It is crucial to keep in mind that the
physiological mechanismswithin an individual do not necessarily
mirror the patterns of correlated evolution.
Following the general nonprimate mammal pattern, the only
study available in amphibians found that frogs do not seem to
copewith environmental seasonality by cognitive buffering (Zhao
et al., 2018).
Birds: extensive support for cognitive
buffering
Numerous studies in birds support cognitive buffering. For
instance, in a comparative study on 99 Neotropical parrot
species, relatively larger brains were found to be associated with
higher variability in temperature and precipitation (Schuck-Paim
et al., 2008). Another, much larger comparative study generalised
this finding to all bird species (Sayol et al., 2016). Larger brains
were more likely to occur in bird species exposed to greater vari-
ation in environmental conditions throughout their geographic
range, consistent with the cognitive buffering hypothesis. Cog-
nitive buffering was also given as an explanation for the larger
brains of birds on oceanic islands (Sayol et al., 2018).
Additionally, some classical examples in birds provide support
that species living in harsh environments buffer seasonal food
scarcity through cognitive abilities such as innovation and learn-
ing. One of the most widely known examples is the ‘milk bottle’
innovation in blue tits (Cyanistes caeruleus) and great tits (Parus
major), where birds learnt to peck through the foil caps of milk
bottles left on doorsteps in order to drink the cream (Fisher and
Hinde, 1949). Another example is the predation on hibernating
bats by great tits (Parus major) during periods of food scarcity,
where the tits specifically and systematically searched for and
killed bats for food, but substantially reduced this behaviour when
provisioned by humans (Estók et al., 2009).
Additional, albeit indirect evidence that these findings are due
to cognitive buffering comes from studies comparing migrating
and sedentary bird species. One of these studies found that species
that reside the entire year in highly seasonal regions have larger
brains than those that migrate to benign areas during the season-
ally lean periods (Vincze, 2016), reflecting a potential cognitive
buffering effect in the resident species. Other, smaller brained
speciesmustmigrate because their small brainmakes them inflex-
ible in their foraging behaviour and therefore unable to buffer sea-
sonal food fluctuations. Alternatively, seen from an energy-cost
perspective, the smaller relative brain size of migrants may reflect
the high-energy requirements for a long-distance migratory flight
(Isler and van Schaik, 2006a; Vincze, 2016). Consistent with
these findings in birds, a study in bats, the only mammals to have
evolved true flight, also found that migratory species had smaller
brains than sedentary species (McGuire and Ratcliffe, 2011). See
also:Migration: Orientation and Navigation
However, this is the only evidence so far that seasonal food
shortages may also act as an energetic constraint on brain size
in birds. For instance, in a comparative study on 99 Neotropical
parrot species, relatively larger brains were found to be asso-
ciated with higher variability in temperature and precipitation
(Schuck-Paim et al., 2008). Another, much larger comparative
study generalised this finding to all bird species (Sayol et al.,
2016). Larger brains were more likely to occur in bird species
exposed to greater variation in environmental conditions through-
out their geographic range. These results are consistent with the
cognitive buffering hypothesis, but not with an energetic con-
straint on brain size. Cognitive buffering was also given as an
explanation for the larger brains of birds on oceanic islands (Sayol
et al., 2018).
As in mammals, studies in birds investigating food caching as
a cognitive buffering strategy to cope with seasonal harshness
provided conflicting results. Some comparative studies found
that food caching in birds was correlated with an evolutionary
increase in whole brain size (Garamszegi and Eens, 2004), or
an enlargement of brain regions such as the hippocampus which
are responsible for spatial memory (Krebs et al., 1989; Roth and
Pravosudov, 2009). But other studies across different bird species
failed to find such a relationship (Volman et al., 1997; Brodin and
Lundborg, 2003).
Conclusions about amphibians and birds
In conclusion, while seasonal food fluctuations appear to act
as energetic constraints on brain size for all mammals and the
few amphibians investigated so far, researchers found very little
support for the negative effect of seasonality on brain size in birds.
On the other hand, there are plenty of studies showing that birds
cope with environmental variability by cognitive buffering, like
primates, but unlike most other mammals or amphibians. This
fundamental difference in the abundance of cognitive buffering
between mammals and birds can be explained by the fact that
birds can fly and thus are highly mobile. This enables birds to
switch between favourable habitats and keep their food intake
even more constant than staying in one place as most mammals
do, which limits their ability to buffer. As a result, the bird pattern
contrasts with the one found for mammals, where brains for a
given body mass are the largest in the least seasonal habitats, and
cognitive buffering can at best keep brain size close to that level
in more seasonal habitats.
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Conclusion
In conclusion, environmental seasonality is both cognitively chal-
lenging and energetically expensive, underscoring the importance
of taking into account ecology as one of the main drivers of brain
size evolution. Whether selection favours large brains depends
on whether the fitness benefits of having a large brain exceed the
costs of brain maintenance. One way in which large-brained and
thus more intelligent species benefit from larger brains to deal
with environmental seasonality is by keeping food consumption
and hence net energy intake more constant throughout the year.
This strategy to overcome seasonality is called cognitive buffer-
ing and is mainly found in primates and birds. If, however, species
face periods of food scarcity, especially in extremely seasonal or
unpredictable habitats, they may not be able to hold the energy
supply for a large brain constant. This effect, that seasonality acts
as energetic constraint on brain size, is found in all mammalian
groups investigated so far and might also play a crucial role in
heterothermic vertebrates.
Glossary
Basal metabolic rate (BMR) Basal metabolic rate is the
minimal rate of energy expenditure per unit time (minimum
number of calories) required for basic body functions at rest,
after having digested the last meal, and in a thermoneutral
setting.
Cognitive buffering Cognitive buffering means that
large-brained species use their enhanced cognitive abilities to
respond more flexibly to periods of low availability of their
preferred food resources, which ultimately increases their
survival rates and longevity (e.g., change their behaviour to
utilize alternative food resources in a seasonal habitat allows
to stabilize the net energy intake throughout the year).
Haplorrhine primates Haplorrhine primates (also called
Haplorrhini or ‘dry-nosed’ primates) are a suborder of
primates containing tarsiers, apes such as chimpanzees or
orangutans, Old world monkeys (catarrhines) such as
macaques or baboons, and New World monkeys (platyrrhines)
such as marmosets or spider monkeys.
Heterothermy Heterothermic animals switch strategy to
regulate their body temperature: Sometimes they are
“endothermic” meaning that they produce heat by internal
body functions to increase their body temperature above
ambient temperature, and sometimes they are “ectothermic”
by reducing their metabolic rate and staying almost purely on
ambient temperature (e.g. during hibernation or torpor).
Innovation Innovations are new and/or better ideas, abilities,
methods or solutions to solve a problem, e.g. novel foraging
techniques such as using a tool which allows to exploit an
otherwise inaccessible food source.
Natural selection Natural selection is a key mechanism of
evolution: Individuals with genetic traits that make them
better adapted to their environment have higher survival and
reproductive rates, which leads to an increased occurrence or
stronger expression of these traits in a population. See also:
Natural Selection: Introduction
Positive energy balance Positive energy balance means that the
energy intake or calories consumed through eating and
drinking exceeds energy expenditure or the number of calories
burned (more energy in than out in a given time period).
Primary productivity Primary productivity is a term used to
describe the rate at which plants and other photosynthetic
organisms in an ecosystem produce organic compounds and
thus biomass, mostly through the process of photosynthesis.
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